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Abstract—,Q WKLV FRPPXQLFDWLRQ ZH GHVFULEH D PHWKRGRORJLF
WRRO VRIWZDUH WKDW JLYH LQVWUXFWLRQ WR GHVLJQ WKH FRLO ZLQGLQJ RI
ORZ YROWDJH PDFKLQHV IHG E\ LQYHUWHUV 7KH DLP RI WKLV WRRO LV WR
EULQJ XVHIXO LQIRUPDWLRQ WR WKH FRLO PDQXIDFWXUHU ZKR KDV ILUVW
WR UHVSHFW WKH VL]H RI WKH VORWV WKH WRWDO FRSSHU VHFWLRQ VORW
RFFXSDQF\ DQG WKH FRLO YROWDJH WKDW DUH LPSRVHG E\ WKH PRWRU
GHVLJQHU 7KHQ WR LQFUHDVH WKH 3',9 EHWZHHQ WXUQV DQG EHWZHHQ
WXUQV DQG JURXQG WR WKH KLJKHVW YDOXH
)RU WKDW SXUSRVH E\ XVLQJ D QXPHULFDO VLPXODWLRQ WKDW WDNHV LQWR
DFFRXQW WKH 3DVFKHQ
V ODZ WKH GHYHORSHG VRIWZDUH ZLOO SURYLGH
KRZ WR FKRRVH DQG DUUDQJH WKH HQDPHOHG ZLUHV LQ WKH VORWV
UDQGRP RU IRUPZRXQG FRLOV ZLUHV VKDSH URXQG RU UHFWDQJXODU
QXPEHU RI ZLUHV LQ SDUDOOHO E\ WXUQ LQVXODWLRQ WKLFNQHVV JUDGH
WXUQV DUUDQJHPHQW XS WR ILQG WKH EHVW VROXWLRQ WKDW DOORZ WR
UHVSHFW ERWK PRWRU GHVLJQHU DQG 3',9 FRQVWUDLQWV 6RPH SUDFWLFDO
H[DPSOHV ZLOO EH JLYHQ WR SURYH WKH HIILFLHQF\ RI VXFK D WRRO
.H\ZRUGV—SDUWLDO GLVFKDUJHV HOHFWULF PRWRU QXPHULFDO
VLPXODWLRQ GHVLJQ WRRO
, ,1752'8&7,21
8QWLO QRZ 3' SKHQRPHQD ZHUH QRW UHDOO\ WDNHQ LQWR
DFFRXQW LQ WKH HDUO\ GHVLJQ SURFHVV RI DQ HOHFWULF PDFKLQH 7KH
PDQXIDFWXUHU XVHG WR UHO\ RQ KLV H[SHULHQFH LQ RUGHU WR EXLOG WKH
HOHFWULF LQVXODWLRQ V\VWHP
6LQFH WKH LQWURGXFWLRQ RI WKH SRZHU HOHFWURQLF SRZHU
VXSSOLHV WKDW SURYLGHV HDV\ FRQWURO RI WKH PDFKLQH URWDWLRQDO
VSHHG WKH HOHFWULFDO LQVXODWLRQ RI VXFK PRWRUV IDFHV QHZ
KD]DUGV )DVW FKDQJLQJ VXSSO\ YROWDJH ZLWK KLJK G9GW PD\
FDXVH WKH DSSDULWLRQ RI SDUWLDO GLVFKDUJHV 3' WKDW UHVXOWV LQ
DFFHOHUDWHG LQVXODWLRQ DJLQJ DQG RIWHQ OHDGV WR SUHPDWXUH IDLOXUH
RI WKH PRWRUV ,Q ORZ YROWDJH URWDWLQJ PDFKLQHV WKH VWDWRU
LQVXODWLRQ V\VWHP LV PXOWLOHYHO ,WV ILUVW FRPSRQHQW SULPDU\
LQVXODWLRQ LV WKH SRO\PHU HQDPHO RQ WKH PDJQHW ZLUH DPRQJ
WKH RWKHUV LQWHUSKDVH LQVXODWLRQ VORW LQVXODWLRQ DQG
LPSUHJQDWLRQ YDUQLVK 'HSHQGLQJ RQ WKH GHVLUHG WKHUPDO
SURSHUWLHV WKHUH DUH VHYHUDO W\SHV RI SRO\PHUV EHLQJ XVHG
QRZDGD\V LQ HQDPHOHG ZLUHV SRO\DPLGH 3$ SRO\DPLGH
LPLGH 3$, SRO\HVWHULPLGH 3(, DQG SRO\LPLGH 3,
,QRUJDQLF QDQRSDUWLFOHV 6L2 $O2, ZnO,…) may be used as 
ILOOHUV WR REWDLQHG FRURQDUHVLVWDQW HQDPHOV ,Q UDQGRPZRXQG
VWDWRUV SRZHUHG E\ SRZHU LQYHUWHUV LQ FRPSDULVRQ ZLWK
VLQXVRLGDO SRZHU VXSSO\ WKH PDJQHW ZLUH LQVXODWLRQ LV IDU PRUH
HQGDQJHUHG +HQFH WKH REMHFWLYH LV WR FRQFHQWUDWH RQ WKLV
SULPDU\ LQVXODWLRQ 2QFH WKH YROWDJH H[FHHGV WKH SDUWLDO
GLVFKDUJH LQFHSWLRQ YROWDJH 3',9 WKH HOHFWULF FKDUJHV ZLOO
VWDUW WR ERPEDUG WKH VXUIDFH RI WKH LQVXODWRU WR LQFUHDVH LWV
WHPSHUDWXUH DQG WR SURYRNH FKHPLFDO UHDFWLRQV $OO WKHVH
DFWLRQV ZLOO VWURQJO\ LQFUHDVH WKH LQVXODWRU GHJUDGDWLRQ UDWH
8VXDOO\ WKHUH DUH WKUHH ZD\V XVHG WR DYRLG DQGRU WR UHVLVW WR
VXFK GDPDJH )LUVW WKH XVH RI FRURQDUHVLVWDQW HQDPHOHG ZLUHV
HVSHFLDOO\ IRUPXODWHG WR LQFUHDVH WKH OLIHWLPH XQGHU 3' DWWDFNV
6HFRQG D JRRG GHVLJQ RI WKH SULPDU\ HOHFWULFDO LQVXODWLRQ
FKRLFH RI ULJKW HQDPHO ZLUHV VL]H DQG VKDSH LQVXODWLRQ
WKLFNQHVV JUDGH FKRLFH RI ZLUHV DUUDQJHPHQW LQ WKH VORWV
7KLUG WKH XVH RI ERWK RI WKHVH WZR ILUVW VROXWLRQV
1HZ FKDOOHQJHV PDNH QHFHVVDU\ WKH 3' SKHQRPHQD WR EH
WDNHQ LQWR DFFRXQW E\ WKH GHVLJQHU HVSHFLDOO\ LQ WKH DHURQDXWLFDO
domain with the “more electric aircraft” concept (XURSH LV
FRQWLQXLQJ D SURMHFW DLPLQJ WR FDUU\ WKH DHURQDXWLF LQGXVWU\
WRZDUG K\EULG DQG WKHQ IXOO HOHFWULF DLUFUDIW &OHDQ 6N\  7KLV
ZLOO EH GRQH E\ LQFUHDVLQJ WKH VSHFLILF SRZHU RI WKH HOHFWULF
PRWRUV WR  N:NJ LQ  DQG  N:NJ LQ >@ $W WKLV
OHYHO WKH YROWDJH RQ '& EXV ZLOO SUREDEO\ EH KLJKHU WKDQ  N9
7KLV ZLOO OHDG WR DQ LQFUHDVH RI WKH HOHFWULF VWUHVV RQ WKH ZLQGLQJ
RI WKH PRWRUV IHG E\ LQYHUWHUV )LJ 
,Q RUGHU WR PLQLPL]H WKLV VWUHVV D WRRO LV XQGHU FRQVWUXFWLRQ
LQ RUGHU WR SURYLGH WR WKH GHVLJQHU WKH EHVW ZLQGLQJ
FRQILJXUDWLRQ 7KLV SDSHU IRFXVHV RQ WKH GHVLJQ RI WKH SULPDU\
HOHFWULFDO LQVXODWLRQ V\VWHP RI ORZ YROWDJH URWDWLQJ PDFKLQHV IHG
E\ LQYHUWHUV 8QGHU WKHVH FRQGLWLRQV WKH YROWDJH RQ WKH '& EXV
LV IL[HG WR WKH XSSHU OLPLW 9'& 9 >@ )LUVW WKH PRGHO RI WKH
VORW FRQVLGHUHG ZLOO EH JLYHQ 7KHQ WKH PHWKRGRORJ\ WR GHWHFW
3' ZLOO EH SUHVHQWHG )LQDOO\ VRPH UHVXOWV IURP QXPHULFDO
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simulations performed with Ansys Mechanical APDL will 
justify the use of such a tool. 
....... l\.1� �ul(lK; 
hne-b�foflœlb 
Fig 1. Electromechanical chain of full electric aircraft 
li. SLOTMODELLING
The model of the slot is a first level one. One considers 
a slot whose siz.es are hs1o1,tor 1.4 cm by Ls10r=5 mm. The slot is 
supposed to carry two phases. In this work only one phase is 
studied. The slot is then divided in two and only the lower half 
is drawn on Ansys Mechanical APDL as can be seen in Fig 2. 
The choice is made to consider 8 conductors per slot and per 
phase. The different nominal diameters are chosen so that the 
filling factor is close to 0.2 in order to have lot of free space in 
the slot. In all the numerical simulations, the slot sizing and the 
copper cross section remain constant . 
There are two kinds of interface: conductor/conductor 
and conductor/slot. These interfaces are presented in Fig 3. 
L,,ot 
Fig 2. Slot cross section 
Mylar 
Slot 
h,lot 
Fig 3. Interfaces (left: conductor/slot, right: cooductor/conductor) 
Ill. FIRsTLOOK ON 1HE TOOL 
The tool is coupling Matlab 2016 with Ansys Mechanical 
APDL. Fig 5 presents the different steps in order to determine if 
PD may exist. First of all, the parameters are typed in a Matlab 
script. This script then executes the Ansys Mechanical APDL 
model which proceeds to an electrostatic solution. The problem 
is solved in tenu of scalar electric potential V. Let's remind that 
under the following hypothesis of a linear analysis this potential 
V and the electric field E are linked by (1) [4]: 
Ea=-grad(V) (1) 
For each interface, the potential drops other the distances d 
is computed on Matlab. The Vsimu(d) curves obtained are then 
compared to the Paschen's curve with p the pressw-e equals to 1 
bar. If Vsimu(d;) � VPascben(d;) there are probably PD at the 
distance d;. 
This Paschen's curve is the experimental one measured in 
the air by Dakin [5]. The measurement was performed between 
2 plate metallic electrodes. This experimental curve is different 
from the theoretical one usually found in the literature. The latest 
considers a uniform electric field E between the electrodes and 
consists in reflecting the Townsend breakdown mechanism in 
gazes; the ionization process is can-ied by "primary electron" 
and "secondary electron" emission at the cathode by ion 
bombardrnent [6]. The experimental curve however takes into 
account other phenomenas such as photoionization, the 
ionization by light. It explains why the minimums are not the 
same on both curves. 
As it was previously indicated, this experimental curve is 
obtained using 2 plate metallic electrodes. However, in the 
model presented here the conductors are covered with a 
polyimide (Pl) layer. This changes the ionization mechanism 
especially the value of the secondary electron emission at the 
cathode. This coefficient is usually designed with y in the 
literature. It is the ratio of the number of electrons leaving the 
cathode over the number of incoming ions (at the cathode). It is 
easy to calculate analytically y with metallic electrodes but with 
electrodes covered in polymer the only way to determine it is to 
measure it [7] due to the complexity of the involved mechanism. 
Besides, in the model the interfaces are not plane/plane but 
rather cylindrical/cylindrical (between conductors) or 
cylindrical/plane (between conductor and slot). 
As a first level approach the hypothesis have been done to 
consider a constant and straight electric field E at each interface 
(i.e interface plane/plane). Referring to [3], for distances 
d�l mm, the error on the electric field length is lower than 20%. 
For upper distances, the electric field cannot be considered as 
unifonn, so one cannot use Paschen's curve to detennine the 
breakdown voltage of the air in these interfaces. ln  this 
communication, the electric field is supposed uniform (i.e 
dslmm). Moreover, the experimental measurement of the y 
coefficient between 2 round conductors covered in Pl has yet to 
be clone. In consequence, the experimental Paschen's curve 
given by Dakin will be used as criteria of PD existence in this 
work. 
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Fig 4. Paschen's cwves 
Parameters entry 
Numerical simulation 
Pick up of the voltage 
values on conductors 
and slot 
Computation of V ,muid) 
curve in each zone 
Design validated 
� Matlab 
� Ansys 
Fig 5. Overview of the process 
IV. NUMERICAL SIMULATIONS 
ln this paragraph, 4 cases are presented which 
illustrates the use of this tool. As it has been introduced in part 
2, the main idea is to compared the computed V simu( d) curves 
with the Paschen's cw-ve. First the slot has been divided in 
zones (Fig 6). Each zone represents either a 
conductor/conductor or a conductor/slot interface. ln  ail the 
coming curves only the zones with the highest stress (i.e closer 
to the Paschen's cw-ve) have been retained. 
Ali the simulations have been performed under the following 
hypothesis: 
-a star winding machine fed by an inverter working on full wave
modulation.
-DC voltage bus is U1,us=690V.
-one coi! per phase per slot so the voltage drop amplitude
between the first and the last tum of the coi! is equal to the 
single-phase voltage amplitude:
Vcoil �*.Jz 488V
2 
(2) 
However, the worst case which can happen during the 
transient regime is taken into account by considering an 
overshoot on the coi! corresponding to twice the DC bus 
voltage. So, the voltage amplitude applied on the coi! is 
V max=976V. Moreover, short coi! hypothesis is clone so that the 
voltage drop between 2 consecutive turns is linear. At last it is 
reminded that the filling factor is chosen close to 2. 
Fig 6. Zones under study 
A. Tums arrangement
The first simulation consists in studying the influence of
tums arrangement. For that 3 configurations have been 
investigated (Fig 7). The nominal diameter of the copper wires 
is 1.06 mm and the insulation layer is e=l 7 µm [9]. Mylar 
thickness is fixed to 100 µm [8]. Numbers inside the copper 
wires refer to the tum number (i.e: 1 is the first turn and 8 is the 
Jast one). The red rectangles designated the focused zones (i.e: 
zones 1, 11 and 21 ). The 3 configurations have been chosen in 
the way to make the turn shift (green numbers) vary between 2 
adjacent tums. Results are presented on Fig 8 and summarized 
on Table 1 (values taken at d=O.0lmm). One notices that in 
zone 21 the voltage value at d=0.01 mm remains constant 
whatever the case. That is because the turn drop at this interface 
does not change. The same can be said for the voltage value of 
zone 1 in the better and optimal case. 
Zone V(d=0.0lmm) wont V(d=0.0lmm) V(d=0.0lmm) optimal 
case (kV) better case case (kV) 
(kV) 
1 0.543 0.078 0.078 
10 0,337 0,253 0,168 
21 0.183 0.183 0.183 
Zone Vworst Vbetter Vbetter Voptlmal Vworst Voptlmal 
Uoo•--•• frh•H•- Uoo•-•• 
1 86% 0% 86% 
10 25% 34% 50% 
21 0% 0% 0% 
Table 1. Voltage values (top) and voltage reduction (low) for 3 tums 
arrangement 
Fig 7. 3 tums arrangement top left worst case, top rigbt better case, low: 
optimal case 
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Fig 8. V,;..,(d) vs v-(d) in zones 1 (top), 21 (middle) and 10 (low) for 
different tums arrangement 
B. Grade influence
Here the winding is formed of 8 wires which nominal
diameter is 1.12 mm. They are connected so that they form 2 
turns (1 and 2) as shown in Fig 9. Mylar thickness remains fixed 
to 100 µm [8]. The results obtained in zone 16 are presented in 
Fig 10 and are summarized in the following table: 
Zone V (d=0.027 mm) V (d=0.027 mm) V (d=0.0027 mm) 
min erade 3 averaee erade 3 max erade 3 (e=64 
(e=49 µm) [9) (e:56.Sµm) j!m)[9) 
16 0.514 kV 0.48kV 0.45 kV 
Zone Vml-ngdl - vavgg,t1.3 1 vavg6dl - vmax,9dl 1 Vmlng43 -vmaxg43 VmL-n� Vavo .. ,n Vml-n .n 
16 6.6% 1 6.3% 1 12.5% 
Table 2. Voltage values (top) and voltage redue bon (low) for 3 enamel 
thickness 


